1.. Introduction {#s1}
================

*Escherichia coli* is one of the most widely used organisms for the industrial production of recombinant proteins, amino acids and other chemical products.^[@DSN019C1]--[@DSN019C5]^ But it is necessary to remove some regulatory mechanisms such as depression by the product to improve its productivity.^[@DSN019C6]^ Furthermore, there are \>400 function unknown genes.^[@DSN019C7]^ Reducing dispensable genome regions may decrease such complicated regulatory mechanisms and function unknown genes. Functional analysis and modeling, therefore, may be easier. Several groups have already established *E*. *coli* cells with fewer genes.^[@DSN019C8]--[@DSN019C11]^ Also, reduced genomes have been designed mainly *in silico* using gene annotations and information from comparative or functional genomics to identify minimal gene sets.^[@DSN019C9],[@DSN019C10]^ Hashimoto et al.^[@DSN019C10]^ eliminated regions between essential genes as much as possible. Sixteen regions with a total length of 1.38 Mb were deleted from the *E*. *coli* K-12 MG1655 chromosome, the resulting strain being designated as Δ16. Although the genome size of Δ16 is the smallest, it exhibits an aberrant cell morphology and an increased doubling time relative to the number of deletions. Alternatively, Pósfai et al.^[@DSN019C11]^ selected strain-specific genomic regions as deletion targets by comparing six sequenced *E*. *coli* genomes. Forty-three segments were sequentially deleted from the MG1655 chromosome, resulting in 0.71 Mb genome reduction. The resulting strain, MDS43, had lost all mobile elements such as insertion sequences (ISs) and prophages. A related MDS41 strain with 41 deletions showed 20--25% lower mutation than the wild type because of its IS-free genotype. This strain as well as MG1655 exhibited good growth in minimal medium. Another strain, MDS42, with 42 deletions exhibited twice the electroporation efficiency of MG1655. The *in silico* design for MDS strains worked well to produce reduced genome strains with unique properties; however, to reduce the genome more than that of MDS43, it is necessary to delete common genomic regions of several *E*. *coli* strains.^[@DSN019C12]^ The opportunity of managing growth is higher in common regions, which include multiple metabolic pathway and regulatory genes. Single-gene knockout mutants have been constructed but little is known about how much each of those affects the growth of *E*. *coli* in minimal medium.^[@DSN019C13]^ Furthermore, little is known about the cumulative effects of deletions.

Here, we report construction of a reduced genome *E*. *coli* cell by assessing the growth on M9 minimal medium of all intermediate deletion mutants. In order to maintain robust cell growth, only deletions that did not affect cell growth were used to construct a reduced genome strain. The total length of the eliminated regions was 1 Mb, and the resulting strain was designated as MGF-01. MGF-01 showed unexpected but beneficial growth on M9 minimal medium. We believe this strain can be used as a tool for functional analysis of *E*. *coli* and as a host for industrial production.

2.. Materials and methods {#s2}
=========================

2.1.. Bacterial strains and growth conditions {#s2a}
---------------------------------------------

*Escherichia* *coli* strain KM22 with *recBCD* genes replaced by *λ* Red recombination functions (Δ*recBCD*::P*lac*-*bet exo kan*) was obtained from Dr Kenan C. Murphy.^[@DSN019C14]^ A chromosomal region including *λ* Red genes was introduced into wild-type strain W3110, using P1 transduction, the resulting strain being designated as W3110red (W3110 Δ*recBCD*::P*lac*-*bet exo kan*). A [l]{.smallcaps}-threonine production strain was constructed by replacing the homoserine *O*-succinyltransferase gene, *metA*, with the desensitized (canceled feedback regulation of [l]{.smallcaps}-threonine) aspartokinase/homoserine dehydrogenase gene, *thrA345*; homoserine kinase gene, *thrB*; threonine synthase gene, *thrC*; and chloramphenicol acetyltransferase gene, *cat* (Δ*metA*::*thrA345BC cat*).^[@DSN019C15]^ Luria--Bertani (LB) medium and M9 minimal medium are described elsewhere.^[@DSN019C16]^ For the growth test, 10 mg/L FeSO~4~ 20 g/L CaCO~3~ and 10 g/L glucose were added to the M9 minimal medium. A seed culture was grown at 37°C for 14 h in a test tube containing 5 mL LB medium. Two hundred microliters of seed culture was inoculated into a 300 mL flask with baffles (IWAKI, Tokyo, Japan) containing 20 mL M9 minimal medium. The cultivation conditions were 37°C and 250 rpm. During the cultivation, 5 g/L glucose was added at 20 h to avoid glucose depletion. Two hundred microliters of culture was diluted with 1.8 mL 0.1 N HCl to evaluate growth. For [l]{.smallcaps}-threonine production, strains W3110_thr and MGF-01_thr were each grown in a 300 mL flask with baffles containing 20 mL fermentation medium. The fermentation medium was composed of 70 g of glucose, 20 g of (NH~4~)~2~SO~4~, 1 g of KH~2~PO~4~, 0.5 g of MgSO~4~·7H~2~O, 5 mg of FeSO~4~·7H~2~O, 5 mg of MnSO~4~·4H~2~O, 2 g of yeast extract, 120 mg of methionine and 30 g/L CaCO~3~ per liter of water at pH 7.0.^[@DSN019C6]^

2.2.. Selection of deletion targets {#s2b}
-----------------------------------

The genome sequences of *E*. *coli* K-12 MG1655 (accession no. U00096)^[@DSN019C17]^ and *Buchnera* sp. APS (accession no. NC002528)^[@DSN019C18]^ were used for comparative genomics, and *E*. *coli* unique genes were selected for elimination. Essential genes reported in the PEC database (<http://www.shigen.nig.ac.jp/ecoli/pec/index.jsp>) were eliminated as deletion candidates.^[@DSN019C19]^ The annotations of the remaining candidates were surveyed in the ERGO databases (<http://www.integratedgenomics.com/>) to judge their necessity for good growth in M9 minimal medium.^[@DSN019C20]^ Regions with more than 10 continuous unnecessary genes were chosen for deletion. These candidate regions for deletion are shown in [Supplementary Table S1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsn019/DC1).

2.3.. Construction of reduced genome strains {#s2c}
--------------------------------------------

The details of the used markerless deletion method are given in Supplemental Materials. Single-deletion strains as to each candidate region were prepared using a λ Red recombination system and negative selection marker *sacB* (markerless deletion method) previously reported ([Supplementary Fig. S1, Supplementary Table S1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsn019/DC1)).^[@DSN019C21]^ Deletions distributed in 50 kb were integrated to construct deletion-unit strains by continual use of the markerless deletion method ([Supplementary Table S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsn019/DC1)). All single-deletion strains and deletion-unit strains were carefully assessed for growth in M9 minimal medium. Deletions that did not affect growth were integrated to construct multiple-deletion strains ([Supplementary Fig. S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsn019/DC1)). Multiple-deletion strains were also assayed for growth in M9 minimal medium.

2.4.. Analytical methods {#s2d}
------------------------

Comparative genomic hybridization was performed as described previously.^[@DSN019C12]^ Cells were stained using 4,6-diamidino-2-phenylinodole (DAPI) after fixation for fluorescent microscopic observation of chromosomes.^[@DSN019C22]^ Supernatants of cultures were used for [l]{.smallcaps}-threonine, acetate and glucose quantification. A high-pressure liquid chromatography system with post-column amino acid labeling and detection 'Prominence' (SHIMADZU, Kyoto, Japan) was used to quantify [l]{.smallcaps}-threonine. A DX 500 Ion Chromatograph System (DIONEX, Tokyo, Japan) was used to quantify acetate and a 7070 Automatic analyzer (HITACHI, Tokyo, Japan) was used to quantify glucose. The flanking regions of deletion sites were amplified by PCR, and sequenced with the Big Dye terminator method and an ABI3700 sequencer.

Dual-label microarray experiments with TaKaRa *E*. *coli* W3110 custom DNA tip (TAKARA SHUZO, Shiga, Japan) were performed as previously described.^[@DSN019C23]^ After 21 h cultivation in M9 minimal medium, RNA was prepared using RNAprotect Bacteria Reagent and RNeasy Mini Kit (QIAGEN). Signal intensity of each spot in the microarray was quantified using GenePix™ Pro 4.0 (Axon Instruments) software. Further data analyses were conducted by using computer software programs, Microsoft^®^ Excel and GeneSpring^®^ 5.0.2 (Silicon Genetics, Redwood, CA, USA). Only genes existed in MGF-01 were used to compare gene expression between MGF-01 and W3110red.

3.. Results {#s3}
===========

3.1.. Candidate regions for deletion {#s3a}
------------------------------------

Dispensable regions of *E*. *coli* were selected using comparative genomics between *E*. *coli* and *Buchnera* sp. The species *Buchnera* sp. was thought to share a common ancestor with *E*. *coli*, and this symbiont attained a 0.64 Mb small genome through reduction in its size during evolution.^[@DSN019C18]^ Therefore, it was suitable for *E*. *coli* to compare genome construction with that of *Buchnera* sp. to extract candidate regions for deletions. Regions that did not exist in *Buchnera* sp. were selected. Meanwhile, this symbiont was missing the biosynthesis genes for some amino acids, lipopolysaccharides and phospholipids which were required for growth on M9 minimal medium. Consequently, after eliminating *E*. *coli* essential genes from the list of candidates, the list was again checked in order to exclude genes necessary for normal growth on M9 minimal medium. Regions of more than 10 continuous unnecessary genes were chosen as candidate regions for deletion. Using these criteria, 83 regions were selected (Δ001--Δ089 including missing numbers). Furthermore, transporter genes, ISs and toxin--antitoxin pairs were selected, and 20 more regions were designed for deletion (Δ090--Δ109). One hundred and three regions were selected and the total length of the candidates was 1830 kb ([Supplementary Table S1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsn019/DC1)).

3.2.. Construction of an E. coli cell with a reduced genome {#s3b}
-----------------------------------------------------------

We tried to delete all the target regions by the markerless deletion method. The growth of each deletion mutant was examined by measuring the time-dependent change in cell density and 84 of the 103 deletion mutants showed comparable growth to the wild type. Deletions of normal-growth strains were used for constructing a reduced genome strain. Deletions were accumulated in one strain as described in Fig. [1](#DSN019F1){ref-type="fig"}. Finally, 53 deletions were combined in one strain via 28 cycles of deletion-transfer ([Supplementary Fig. S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsn019/DC1)). This strain was designated as MGF-01. All 53 deletions of MGF-01 and a substitution at the *recBCD* site, replaced by λ Red recombinase genes, were confirmed by comparative genomic hybridization (Fig. [2](#DSN019F2){ref-type="fig"}). To confirm the construction of each junction, both 1 kb flanking regions of all 53 deletions were sequenced. Comparison of the deletion maps of Δ16, MDS43 and MGF-01 is shown in Fig. [3](#DSN019F3){ref-type="fig"}, and a Venn diagram of Δ16, MDS43 and MGF-01 is shown in Fig. [4](#DSN019F4){ref-type="fig"}. One thousand and eighty-one out of 4396 CDSs were deleted from W3110 to construct MGF-01, and function unknown genes were reduced from 471 to 346 ([Supplementary Table S3](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsn019/DC1)). Although there are 301 common CDSs deleted in all three strains, unique CDSs were deleted in each strain because deletion targets were selected with different criteria. The total length of deletions in MGF-01 was 1.03 Mb and the GC content of the reduced-size genome was increased by 0.27% and reached to 51.8%.

![Method used to integrate deletion-units. (**A**) Multiple deletion strain at step *N* was used as the recipient for P1 transduction. A deletion-unit strain was used as the donor of deletions. (**B**) Integrated new deletion units were selected as to the chloramphenicol resistance of the marker cassette. Transduction of the most distal deletion from the marker cassette was confirmed by PCR. (**C**) The marker cassette including *B*. *subtilis sacB* was replaced by a DNA fragment without the marker cassette using a *λ* red recombination system or P1 transduction using a P1 phage prepared from a markerless-unit strain.^[@DSN019C19]^ A strain with additional deletions (strain at *N* + 1 step) was selected as to its sucrose resistance. Each circle represents an *E*. *coli* genome and wedges denote deletions. The white arrow represents the *sacB*\_*cat* marker cassette.](dsn01901){#DSN019F1}

![Map of deletions detected in MGF-01 on microarray analysis. Each bar represents the log ratio of normalized signal intensities (MGF-01 ORF signal/W3110 ORF signal). Deleted regions were determined when the signal ratios were below --1.8. The signal ratios were plotted against ORF locations of JW0001 to JW4366. The corresponding deletion identification numbers are indicated at the bottom of the figure.](dsn01902){#DSN019F2}

![A schematic illustration of the reduced genomes of *E*. *coli*. Rings represent the *E*. *coli* W3110 genome. From the center, the deleted regions of Δ016^[@DSN019C9]^, MDS43^[@DSN019C10]^ and MGF-01 are indicated by black boxes. Strains Δ16 and MDS43 were derived from MG1655. The parental strain of MGF-01 was W3110 possessing a large inversion from *rrnD* to *rrnE*. In the figure, the order of the genes of Δ16 and MDS43 between *rrnD* and *rrnE* is inverted according to that of W3110 in order to compare deletions in this region with those in MGF-01. Ori and Ter indicate the origin and terminus domains for replication, respectively.](dsn01903){#DSN019F3}

![A Venn diagram of data sets of deleted CDSs from strains Δ16, MDS43 and MGF-01. Strains Δ16 and MDS43 were derived from MG1655, and MGF-01 is derived from W3110. The number of deleted CDSs in each strain was determined.](dsn01904){#DSN019F4}

3.3.. Phenotypes of MGF-01 {#s3c}
--------------------------

Time courses of growth of MGF-01 and W3110red in M9 minimal medium are shown in Fig. [5](#DSN019F5){ref-type="fig"}A. MGF-01 grew as the wild-type strain in the exponential phase and continued growing after the wild-type strain had entered the stationary phase. The final cell density of MGF-01 was 1.5 times higher than that of the wild-type strain. Colony forming units (CFU/mL) of MGF-01 and W3110red at 30 h incubation were 9.6 × 10^9^ and 6.3 × 10^9^, respectively. The glucose consumption speed after 20 h was lower for MGF-01 compared with the wild-type strain despite its higher cell density (Fig. [5](#DSN019F5){ref-type="fig"}B). Under aerobic batch culture conditions, the glucose catabolism of *E*. *coli* often overflows, leading to the accumulation of acetate that they inhibit *E*. *coli* growth.^[@DSN019C24]^ The levels of acetate accumulation in MGF-01 and the wild type were 0.50 and 1.37 g/L, respectively. The correlation among the high cell density, low glucose consumption and low acetate accumulation indicates that MGF-01 may utilize glucose more efficiently than the wild type.

![Cell density and glucose consumption of MGF-01 in M9 minimal medium. (**A**) Growth in M9 minimal medium. (**B**) Glucose consumption in M9 minimal medium. The results of duplicate experiments are shown in the figure. W3110red, filled circle and filled diamond; MGF-01, open circle and open diamond.](dsn01905){#DSN019F5}

The final cell densities of the multiple-deletion strains and corresponding deletion-unit strains or single-deletion strains at each deletion step are shown in Fig. [6](#DSN019F6){ref-type="fig"}. Although no individual single-deletion strain or deletion-unit strain showed a significant increase in final cell density, multiple-deletion strains with stepwise genome reduction showed increased final cell densities. Consequently, the phenotype of increasing cell density may be brought about by combination(s) of deletions.

![Final cell densities of multiple deletion strains in M9 minimal medium. Direct lineage multiple deletion strains of MGF-01, deletion unit strains and single deletion strains used to construct MGF-01, were horizontally ordered according to the integration lineage of deletions. The final cell densities in M9 minimal medium are indicated as follows. Bars: final cell densities of deletion-unit strains or single-deletion strains. Diamonds: final cell densities of direct-lineage strains of MGF-01.](dsn01906){#DSN019F6}

Chromosomal DNA was stained with DAPI to visualize the intracellular distribution of the chromosome (Fig. [7](#DSN019F7){ref-type="fig"}). The shape of MGF-01 was slightly rounder but there were little prolonged or anucleate cells. The normal cell shape of MGF-01 and the CFU result indicate that the optical density represented the cell density of MGF-01, which was 1.5-fold higher than that of the wild type. The intracellular distribution of the chromosome was apparently the same as in the wild type. Therefore, the growth of MGF-01 was not affected by the multiple deletions from the viewpoints of division and intracellular distribution of the chromosome.

![Microscopic images of DAPI-stained cells. Cells cultivated in M9 minimal medium were harvested at 11, 15 and 32 h, and stained using DAPI.](dsn01907){#DSN019F7}

3.4.. Threonine production of MGF-01 {#s3d}
------------------------------------

MGF-01 showed good growth in M9 minimal medium. To evaluate the production capability of MGF-01, an [l]{.smallcaps}-threonine production unit was introduced. [l]{.smallcaps}-Threonine is one of the major amino acids produced in fermentation processes. In the [l]{.smallcaps}-threonine biosynthesis pathway, the key enzyme, aspartokinase/homoserine dehydrogenase, encoded by *thrA* is feedback-regulated and depressed by the product, [l]{.smallcaps}-threonine, and a mutation to remove this feedback inhibition has been reported (*thrA345*).^[@DSN019C15]^ The methionine biosynthesis pathway is a branch pathway of [l]{.smallcaps}-threonine biosynthesis. To block this route, we substituted *metA*, which encodes the first enzyme of this branch pathway, by an [l]{.smallcaps}-threonine production unit containing the desensitized *thrA* gene (Δ*metA*::*thrA345BC*\_*cat*). This [l]{.smallcaps}-threonine production unit was transferred to W3110red and MGF-01 by P1 transduction, and the resulting strains were designated as W3110red_thr and MGF-01_thr, respectively. The production medium was different from M9 minimal medium, and contained yeast extract (Materials and methods). In this medium, both strains showed higher cell densities than in M9 minimal medium; however, the cell density of MGF-01 was only 1.2 times higher than that of wild type (1.5 times higher in M9 minimal medium). The [l]{.smallcaps}-threonine production after 48 h cultivation is summarized in Table [1](#DSN019TB1){ref-type="table"}. Interestingly, the [l]{.smallcaps}-threonine production and the yield of MGF-01_thr were 2.44 and 1.69 times higher than those of W3110_thr. A high glucose consumption rate (1.44 times) and a low byproduct (acetate) synthesis rate (0.09 time) contributed to this high productivity and high yield. MGF-01 also showed beneficial properties for [l]{.smallcaps}-threonine production.

###### 

Results of [l]{.smallcaps}-threonine production

                               W3110_thr   MGF-01_thr   MGF-01/W3110
  ---------------------------- ----------- ------------ --------------
  Threonine (g/L)              4.4         10.6         2.44
  Cell density (OD~660~)       19.3        23.3         1.21
  Glucose consumption (g/dL)   4.8         6.9          1.44
  Yield (% of glucose)         9.1         15.4         1.69
  Acetate (g/L)                9.4         0.85         0.09

4.. Discussion {#s4}
==============

In order to use reduced genome strains for industrial processes, it is necessary to maintain robust growth and the fundamental metabolic mechanism of *E*. *coli*. Therefore, we assessed the growth of deletion mutants in M9 minimal medium. Some reduced genome *E*. *coli* strains were previously reported; however, the smallest genome *E*. *coli*, Δ16, cannot growth in M9 minimal medium.^[@DSN019C10]^ MDS41 with a 0.66 Mb reduced genome can grow in M9 minimal medium as well as the wild type.^[@DSN019C11]^ MGF-01 with a 1.03 Mb reduce genome in this study can grow in M9 minimal medium. Moreover, the final cell density in M9 minimal medium of MGF-01 was 1.5 times higher than that of W3110red (Fig. [5](#DSN019F5){ref-type="fig"}). This unexpected but beneficial phenotype was not observed for other reduced genome strains.

Another distinct phenotype in M9 minimal medium was that the glucose consumption speed of MGF-01 was significantly decreased compared with that of its parental strain, W3110red, after 20 h cultivation instead of its higher cell density (Fig. [5](#DSN019F5){ref-type="fig"}B). MGF-01 accumulated less than half the acetate that W3110red did and this lower acetate accumulation of MGF-01 may contribute to the more efficient glucose assimilation. The low acetate accumulation by MGF-01 may be brought about by the high glyoxylate shunt activity which accelerates acetyl-CoA consumption leading not to acetate but to the TCA cycle.^[@DSN019C25]^ The gene expression of glyoxylate shunt-related genes, isocitrate lyase (*aceA*) and malate synthase (*aceB*), was 6.9 and 4.7 times higher in MGF-01 than those of W3110red in the DNA microarray analysis. Since repressors of the glyoxylate shunt, aerobic respiration control protein (*arcA*) and acetate operon repressor (*iclR*), were not eliminated, other regulatory systems may be deleted in MGF-01.^[@DSN019C26]^

In [l]{.smallcaps}-threonine production medium, MGF-01_thr also showed reduced acetate accumulation from 9.4 g/L (W3110_thr) to 0.85 g/L, and produced twice as much [l]{.smallcaps}-threonine as W3110_thr (Table [1](#DSN019TB1){ref-type="table"}). It is known that in an [l]{.smallcaps}-threonine production strain, the glyoxylate shunt is activated to provide high amounts of carbon to the [l]{.smallcaps}-threonine pathway. Low acetate accumulation and high [l]{.smallcaps}-threonine production indicate that the glyoxylate shunt in MGF-01_thr may be activated as in the case of M9 minimal medium.^[@DSN019C15]^

In M9 minimal medium, glucose consumption was lower than that of the wild type; however, it was higher than that of wild type in [l]{.smallcaps}-threonine production medium. This higher glucose consumption rate may be the result of higher [l]{.smallcaps}-threonine production by MGF-01_thr. MGF-01 may have higher ability for taking up glucose when there is a sufficient demand such as for [l]{.smallcaps}-threonine production. We believe that cellular metabolism may be activated in MGF-01 and glucose is used efficiently for [l]{.smallcaps}-threonine production.

Our next aims are to determine what combinations of deletions affect growth and [l]{.smallcaps}-threonine production of MGF-01, and to construct a strain with a further reduced genome.
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